Then, electrostatic attraction between the charges in the zwitterion centers induced a weak intramolecular hydrogen bond.
Introduction
The importance of optically pure amino alcohols as chiral ligands needs no restatement herein [1, 2] . However, optical purification of the amino alcohols has still remained as a major problem which should be solved. For example, 1-piperidyl-3,3-dimethyl-2-butanol 1 is one of the best chiral ligands for Et 2 Zn alkylation of benzaldehyde [3] [4] [5] [6] . Compound 1 is liquid at room temperature. Thus, it cannot be purified optically by a simple recrystallization. A diastereomeric recrystallization or a chromatographic method is needed for its optical purification [7, 8] .
Meanwhile, both trifluoromethylated chiral ligands, 2a and 2b, prepared from highly available epoxide 3, are needle crystals at room temperature. Thus, they are easyly purified chemically as well as optically by simple recrystallization [9, 10] .
Therefore, these amino alcohols can be used as easily available optically pure chiral ligands. Recently, we have reported that the trifluoromethylated amino alcohol 2a could be a good chiral ligand for enantioselective Et 2 Zn alkylation [11] and 2b could be one of the best chiral ligands for enantioselective Reformatsky reaction [12] . In this paper, a study on a structural feature of the unique hydrogen bonding systems of crystalline α-trifluoromethyl amino alcohols by X-ray crystallographic analysis is described. Two amino alcohols, 1,1,1-trifluoro-3-(N-piperidyl)-2-propanol 2a (m.p. = 40 °C) [13, 14, 15] , and 1,1,1-trifluoro-3-(N,N-dimethylamino)-2-propanol 2b (m.p. = 41 °C) [13] were prepared by reported procedures. These compounds have higher melting points than those of the parent non-fluorinated compounds. 
Results
Single crystal X-ray diffraction measurements and analyses of the amino alcohols, 2a and 2b, gave hydrogen bonding structures as shown in Figure 1 Moreover, the hydrogen bonding chains have only one proton per two hydrogen bonds.
These hydrogen bonding systems seemed to be typical single-proton, multi-center hydrogen bondings, at a glance [16] .
Discussion
The remarkable progress in elucidating hydrogen bonding structures and energies in these two decades has spread the scope of the hydrogen bondings and caused confusion in its limitation and classification. Nowadays, an electrostatic attraction without covalent orbital interaction (e.g. C-H...π interaction) has also been called "a weak hydrogen bond [17, 18] ." An X-ray diffraction analysis is a key technique to discriminate "medium hydrogen bond" (conventional hydrogen bond) and "weak hydrogen bonds" (electrostatic attraction) [18] .
Detailed structure of the hydrogen bonds of 2b is shown in Figure 3 . The distance between the proton-donor and the acceptor atoms of the intermolecular hydrogen bond was 2.734 Å and that of the intramolecular was 2.943 Å. Thus, the former intermolecular hydrogen bond would be a "medium" hydrogen bond with transfer of proton, while that of the intramolecular straddled the divide between "medium" and "weak" hydrogen bonds [17, 18] . Thus, we may conclude that the intermolecular hydrogen bond would be a medium hydrogen bond mediated by proton and the intramolecular hydrogen bond would be a weak hydrogen bond. That is, the hydrogen bonding chain of the 2b built up with alternating intermolecular medium and intramolecular weak hydrogen bonds.
Similarly, the intermolecular distance between the center atom of the donor (oxygen) and that of the acceptor (nitrogen) of amino alcohol 2a was 2.78 Å and that of the intramolecular was 3.03 Å. Thus, trifluoromethylated amino alcohol 2a would have a similar alternating medium-weak hydrogen bonding chain structure [20] .
The β-fluorinated alcohols have lower pKa than non-fluorinated analogs. Thus, they have higher hydrogen bond donating ability [α 2 H ] and lower hydrogen bond accepting ability [β 2 H ] than their parent non-fluorinated alcohols [21, 22] . The present aminoalcohols, 2a and 2b, have a good hydrogen bond accepting group, amino nitrogen, in their structure. Thus, a certain participation of zwitterionic structure 4 in the crystal would be expected [19] . Furthermore, the medium hydrogen bond which was indicated by detailed structure of the hydrogen bonding system, strongly supported the participation of the structure 4. Intermolecular protonation of amino nitrogen would induce deprotonation of the hydroxy group and stabilize the zwitterionic structure electrostatically. Then, further protonation of the next amino group would construct infinite hydrogen bonding chains, cooperatively.
Elmer and Eling reported X-ray crystallographic study on hydrogen bonding chains found in the six complexes by phenols and anilines 5 [23, 24] . The neighboring hydrogen bonds in the chains of 5 were non-equivalent; that is, the distances of the hydrogen bonds are quite different depending on the proton-donating group. The distances of the hydrogen bond with the proton-donating oxygen atom were 2.77-2.81 Å, and that with nitrogen atom were 3.13 -3.15 Å. Similar to the our case, these non-equivalent hydrogen bonding chains of phenols and anilines would also be made by alternating medium-weak hydrogen bonds.
Conclusion
Here we showed that the β,β,β-trifluoroalcohol with an intramolecular protonaccepting group constructs an infinite hydrogen bonding chain. The chain would be made by alternating medium and weak hydrogen bonds. The strong protonating ability of β,β,β-trifluoroalcohol results in the contribution of a zwitterionic structure, which would make the weak hydrogen bonds rather strong. This hydrogen bonding chain could be a method to align molecules infinitely in its crystal. Thus, it could be applicable for construction of crystalline supramolecular architecture [25] .
Experimental

General Experimental Procedures
Trifluoromethylated amino alcohols were prepared from a common starting material, 75% ee (S)-2,3-epoxy-1,1,1-trifluoropropane 3, which is commercially available [26] . Preparations and reactions of the epoxide were summarized in our previous reviews [9, 10] . Nucleophilic ring-opening reactions of the epoxide with amines gave a series of trifluoromethylated amino alcohols [9, 10] 
